The miR-430/427/302 Family Controls Mesendodermal Fate Specification via Species-Specific Target Selection  by Rosa, Alessandro et al.
Developmental Cell
ArticleThe miR-430/427/302 Family Controls
Mesendodermal Fate Specification
via Species-Specific Target Selection
Alessandro Rosa,1,3 Francesca M. Spagnoli,1,2,3 and Ali H. Brivanlou1,*
1Laboratory of Molecular Vertebrate Embryology, The Rockefeller University, New York, NY 10065, USA
2Present address: Laboratory of Molecular and Cellular Basis of Embryonic Development, Max-Delbru¨ck-Center, 13092 Berlin, Germany
3These authors contributed equally to this work and are listed in alphabetical order
*Correspondence: brvnlou@rockefeller.edu
DOI 10.1016/j.devcel.2009.02.007SUMMARY
The role of microRNAs in embryonic cell fate specifi-
cation is largely unknown. In vertebrates, the miR-
430/427/302 family shows a unique expression
signature and is exclusively expressed during early
embryogenesis. Here, we comparatively address
the embryonic function of miR-302 in human embry-
onic stem cells (hESCs) and its ortholog miR-427 in
Xenopus laevis. Interestingly, we found that this
miRNA family displays species-specific target selec-
tion among ligands of the Nodal pathway, with
a striking conservation of the inhibitors, Lefties, but
differential targeting of the activators, Nodals. The
Nodal pathway plays a crucial role in germ layer
specification. Accordingly, by gain and loss of func-
tion experiments in hESCs, we show that miR-302
promotes the mesendodermal lineage at the
expense of neuroectoderm formation. Similarly,
depletion of miR-427 in Xenopus embryos hinders
the organizer formation and leads to severe dorsal
mesodermal patterning defects. These findings
suggest a crucial role for the miR-430/427/302 family
in vertebrate embryogenesis by controlling germ
layer specification.
INTRODUCTION
During vertebrate embryonic development, the formation of
body axes and specification of embryonic germ layers rely on
a complex integration of molecular information, involving
multiple signaling pathways. Tight regulation of this signaling
network, including transcriptional, posttranscriptional, as well
as posttranslational control mechanisms, is required for the
proper execution of these developmental processes. At the
posttranscriptional level, a prominent regulatory role is played
by microRNAs (miRNAs) (Bushati and Cohen, 2007; Choi et al.,
2007; Martello et al., 2007). miRNAs are short noncoding RNAs
that can direct the silencing of specific target genes by annealing
to a complementary sequence in the 30 untranslated region (UTR)
of the target mRNA (Lewis et al., 2005). miRNAs are estimated toDevetarget more than 30% of animal genes (Bushati and Cohen,
2007), suggesting that they may exert a large combinatorial
outcome in biological processes. The proper production of
miRNAs requires the key processing factor Dicer. Interestingly,
loss of Dicer function may have different embryological conse-
quences, depending on the species. In zebrafish, maternal-
zygotic dicer mutants (MZdicer) (Giraldez et al., 2005) undergo
proper axis formation and specification of the three germ layers,
showing late morphogenic defects during organogenesis.
Conversely, loss of Dicer function in mouse embryos has a
much more severe phenotype. Maternal loss of Dicer in mouse
oocytes blocks progression through the first cell division (Tang
and Maxwell, 2008), and zygotic loss of Dicer also leads to early
lethality before axis formation and lack of embryonic stem cell
maintenance (Bernstein et al., 2003). This evidence suggests
major species-specific differences in miRNA embryonic func-
tion, at least between teleosts and mammals (Bernstein et al.,
2003; Giraldez et al., 2005; Tang and Maxwell, 2008).
Work in zebrafish has highlighted the importance of one
miRNA family during embryonic development, the miR-430
family. miR-430 is expressed during early zebrafish development
and is able to rescue many of the morphogenesis defects in
MZdicer mutants (Giraldez et al., 2005). Interestingly, miR-430
is conserved across vertebrate species (The microRNAs registry;
Griffiths-Jones, 2004) and evolutionarily related to other verte-
brate miRNA genes, such as miR-427 in Xenopus (Watanabe
et al., 2005) and miR-302 in mammals (Suh et al., 2004). These
related miRNAs, collectively referred to as the miR-430/427/
302 family in this study, are abundantly and specifically ex-
pressed during early embryogenesis (Giraldez et al., 2005; Land-
graf et al., 2007; Suh et al., 2004; Watanabe et al., 2005).
A subset of TGFb ligands are among the hundreds of miR-430
targets, validated in zebrafish (Giraldez et al., 2006). These
include subtypes of the agonistic Nodal(s), as well as antagonistic
atypical ligands, such as Lefties. Nodal signaling is inhibited by
Lefties. Interestingly, whereas in all vertebrates the number of
lefty genes is conserved, displaying one gene, often duplicated
(Schier, 2003; Tabibzadeh and Hemmati-Brivanlou, 2006), the
number of activator Nodal ligands greatly varies in different
species. There are three Nodal ligands in zebrafish (Squint,
Cyclops, and Southpaw), five in Xenopus (Xnrs), and only one in
mammals (Nodal) (Schier, 2003). As Nodal has been shown to
act as a morphogen, eliciting major differences in cell fate deci-
sion based on very slight variation of concentration or time oflopmental Cell 16, 517–527, April 21, 2009 ª2009 Elsevier Inc. 517
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antagonistic ligands is crucial for proper embryogenesis. Regula-
tion of axis formation, induction of the three primary embryonic
germ layers, and establishment of discrete cell fates are all evolu-
tionarily conserved roles of Nodal signaling in vivo (Schier, 2003;
Whitman, 2001). Loss of function of Lefty leads to increased and
expanded Nodal signaling, which results in excess mesoderm
formation (Agathon et al., 2001; Branford and Yost, 2002; Cha
et al., 2006; Feldman et al., 2002; Meno et al., 1999; Schier,
2003). By targeting both Nodal (squint) and Lefty, miR-430 affects
both activities and modulates the threshold of signaling in zebra-
fish (Choi et al., 2007). In zebrafish MZdicer mutants, the Nodal
pathway is not markedly affected by the absence of all miRNAs,
including miR-430 (Giraldez et al., 2005). However, a more
detailed analysis showed that the number of endodermal cells
is reduced in both MZdicermutants and embryos, in which squint
and lefty mRNAs were protected from miR-430. In the same
conditions, however, mesoderm formation is not affected (Choi
et al., 2007). Whether this mode of regulation of Nodal-Lefty
antagonism is conserved during embryonic development among
species is still unknown.
In this work, we directly address the embryological role of the
miR-430/427/302 family in human embryonic stem cells (hESCs)
and, for comparative analysis, in Xenopus laevis embryos, an
amphibian species evolutionarily located between teleosts and
mammals. We show that, despite the apparent conservation of
their expression patterns, the target selection is different in the
two species: Xenopus miR-427 targets two of the Nodal ligands
Figure 1. miR-430/427/302 microRNA
Family Expression
(A) Sequences of human and mouse miR-302a,
Xenopus laevis miR-427, and zebrafish miR-
430a, representative miRNAs that belong to the
miR-430/427/302 family. The seed sequence is
indicated in red.
(B and C) Northern blot analysis of miRNA expres-
sion during differentiation of the RUES1 and
RUES2 hESC lines in (B) monolayer or (C)
embryoid bodies. The probes used are indicated
on the right of each panel. The small nuclear
RNA U2 was used as loading control. CM, MEF-
conditioned medium; 2D, differentiation in two-
dimensional culture.
(D) Temporal expression pattern of miR-427
during early X. laevis development. The 5.8S ribo-
somal RNA is used as loading control.
(E) Spatial expression of miR-427 in a X. laevis
embryo analyzed by whole-mount in situ hybrid-
ization. The arrow indicates the dorsal lip; arrow-
heads indicate the neural plate border.
(Xnr5 and Xnr6b) and both Lefties,
whereas human miR-302 only targets
the two Lefties, but not Nodal. Functional
analyses indicate that miR-427 is needed
for correct endoderm and mesoderm
specification in Xenopus embryos,
including the formation of the organizer
and dorsoanterior structures. In hESCs,
loss of miR-302 function strongly inhibits
mesodermal and endodermal lineages and expands neuroecto-
dermal derivatives, whereas miR-302 overexpression had oppo-
site effects. The results in hESCs are consistent with miR-302
targeting and inhibiting the Nodal inhibitor Lefty. These findings
suggest that miR-302 plays a crucial role in the control of germ
layer specification during human embryonic development,
highlighting another unexpected level of regulation of the
Nodal-morphogen gradient.
RESULTS
Conserved miR-302 and miR-427 Expression
during Embryogenesis
Mammalian miR-302, amphibian miR-427, and teleost miR-430
share the same 50 seed sequence (nucleotides 2–8) and are
similar in their 30 region (The microRNAs registry; Griffiths-Jones,
2004) (Figure 1A), and thus can be considered as evolutionarily
conserved members of the same miRNA family (Giraldez et al.,
2005; Landgraf et al., 2007; Watanabe et al., 2005). To comple-
ment these studies, we addressed the pattern of miR-302
expression in hESCs and miR-427 in Xenopus embryos.
In mammals, four nearly identical miRNAs (miR-302a–d),
collectively referred to as miR-302, are cotranscribed as a unique
primary miRNA precursor (Suh et al., 2004). miR-302 is embry-
onic specific and abundantly expressed in undifferentiated
hESCs (Landgraf et al., 2007; Suh et al., 2004). In order to
address its dynamic expression during early differentiation
events, we used two common differentiation assays, such as518 Developmental Cell 16, 517–527, April 21, 2009 ª2009 Elsevier Inc.
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sional (2D) cell culture and 3D embryoid body (EB) cultures.
miR-302 levels gradually declined in both differentiation condi-
tions, becoming undetectable 2–3 weeks after removal of condi-
tioned medium (Figures 1B and 1C). Importantly, this expression
profile was similar in two different hESC lines, the RUES1 (XY)
(James et al., 2006) and RUES2 (XX) lines (Noggle et al., in prep-
aration), indicating that the pattern of miR-302 expression is
independent from the cell line or the differentiation condition
used. Embryonic stem cells are epiblast derivatives. Accord-
ingly, whole-mount in situ hybridization on mouse embryos
revealed that miR-302 is abundantly expressed in the embry-
onic/epiblast region of the embryo during gastrulation and
excluded from extraembryonic structures (see Figure S1 avail-
able online). The progressive miR-302 reduction along with
differentiation suggests a potential role for this miRNA in main-
taining pluripotency and/or controlling the earliest lineage deci-
sions in ES cells.
Similarly, Xenopus miR-427 is expressed zygotically starting
around the mid-blastula transition (Figure 1D). At pregastrula
Figure 2. miR-302 Targets Lefty in Humans
(A) Sequences of predicted miR-302 targets in
human. The numbers refer to sequence positions
according to the National Center for Biotech-
nology Information annotated mRNA sequences.
The seed-complementary sequence is indicated
in red.
(B) Northern blot showing the absence of miR-302
expression in HEK293T cells.
(C) Target validation by luciferase assays on
human lefty1, lefty2, and nodal reporters in
HEK293T cells transfected with synthetic miR-
302a or control.
(D) Luciferase activity of Lefty1 and Lefty2 WT
30UTR (30UTR WT) and seed-deleted 30UTR
(30UTR Mut) reporters transfected in RUES2 cells
containing the endogenous miR-302.
(E) Northern blot analysis of antisense LNA-medi-
ated miR-302 knockdown in undifferentiated
RUES2 cells.
(F) Luciferase activity of Lefty1 and Nodal
reporters cotransfected with control (LNA-C) or
miR-302-specific (LNA-302) LNA antisense oligo-
nucleotides in RUES2 cells. In all histograms, the
values represent the means ± standard deviation
from triplicates.
(G) Schematics of miR-430/302 regulation of
Nodal signaling in zebrafish and human.
and gastrula stages, miR-427 is ubiqui-
tously expressed, showing no differences
in its level of expression between dorsal
and ventral mesoderm or animal
(prospective ectodermal territory) and
vegetal (prospective endodermal terri-
tory) poles of the embryo, either by
in situ hybridization or northern blot anal-
ysis on explants (Figures 1E; Figure S2).
Subsequently, by the neurula stage
miR-427 expression starts to decline
and becomes restricted anteriorly to the neural plate, mainly to
the primitive placodal region at the border of the neural plate in
a similar location as in the mouse embryo, whereas expression
persists in the posterior neural tube border (Figure 1E).
Comparative Analysis of the miR-430/427/302
Family Targets
Bioinformatic analysis with the TargetScan software (Lewis et al.,
2005) indicates that almost 500 human genes are predicted
targets of miR-302. However, only a small set of overlapping
predicted targets are conserved among zebrafish, Xenopus,
and human (data not shown). Members of the TGFb signaling
pathway are among these conserved targets. Ligands of the
TGFb superfamily have been previously validated as true targets
in zebrafish, where miR-430 targets both the TGFb/Nodal
agonist squint and the TGFb/Nodal antagonist lefty, resulting in
a balance of the Nodal pathway (Choi et al., 2007). We observed
that whereas the two lefties are predicted targets in humans and
frogs (Figures 2A and 3A) (Choi et al., 2007), the agonist nodal
does not contain a miR-302 target sequence in humansDevelopmental Cell 16, 517–527, April 21, 2009 ª2009 Elsevier Inc. 519
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that are classified as functional homologs of mammalian nodal
(Harland and Gerhart, 1997; Takahashi et al., 2000), only two of
them, Xnr5 (Choi et al., 2007) and Xnr6b, contained a potential
miR-427 target sequence (Figure 3A). Interestingly, in both
human lefty orthologs the miR-302 target sites correspond to
‘‘peaks’’ of conservation in overall nonconserved 30UTRs
(Figure S4), indicating a selective pressure to maintain these
elements during mammalian evolution.
To confirm the bioinformatic prediction, we tested human
lefty1, lefty2, and nodal as bona fide miRNA targets by a lucif-
erase-based reporter assay (Fazi et al., 2005) into HEK293T
cells, in which the endogenous miR-302 is not expressed
(Figure 2B). Lefties wild-type 30UTRs (Lefty1-WT and Lefty2-
WT) were specifically repressed by a synthetic miR-302,
whereas this negative effect was absent when reporters lacking
the seed-complementary sequence (Lefty1-Mut and Lefty2-Mut)
were used (Figure 2C). Moreover, miR-302 repressed the trans-
lation of Lefty1 transfected into the HEK293T cells, but only if the
construct contains the wild-type 30UTR, whereas no effect was
observed in the presence of a mutated 30UTR (Figure S5). Finally,
the nodal 30UTR reporter was not responsive to miR-302, ruling
out the possibility of cryptic miR-302-binding sites (Figure 2C).
Next, to determine if the lefty 30UTR can act as a regulatory
element in vivo, the two lefty reporters and their mutated
versions were transfected in undifferentiated RUES2 cells, which
abundantly express miR-302 (Figure 1B). As shown in Figure 2D,
the deletion of the miR-302 seed-complementary sequence led
Figure 3. miR-427 Targets lefties, Xnr5, and
Xnr6b in Xenopus laevis
(A) Sequences of predicted miR-427 targets in
X. laevis. The numbers refer to sequence positions
according to the National Center for Biotech-
nology Information annotated mRNA sequences.
The seed-complementary sequence is indicated
in red.
(B) Northern blot analysis for miR-427 in embryos
injected with 10 ng standard control morpholino
or with increasing concentrations (5 and 10 ng)
of antisense morpholino oligonucleotides target-
ing miR-427 (a-miR-427-Mo); uninjected embryos
were used as control. The small nuclear RNA U2
was used as loading control.
(C) Target validation by luciferase assays on Xen-
opus leftyA, leftyB, Xnr5, and Xnr6b reporters. In
all histograms, the values represent the means ±
standard deviation from triplicates.
(D) Schematics of miR-427 regulation of Nodal
signaling in X. laevis.
to a significant increase of the reporter
activity, indicating a relief from the
endogenous miRNA repression. Other
miRNAs with the same miR-302 seed
sequence, such as miR-372 and miR-
373, are present in hESCs (Suh et al.,
2004), and they may target the same
element on the lefty 30UTR. To rule out
this possibility and specifically assess
the role of miR-302, we used an indepen-
dent approach based on Locked Nucleic Acid (LNA)-modified
antisense molecules, which can efficiently impair miRNA activity
(Fazi et al., 2005). When LNA molecules were used to specifically
block miR-302 (LNA-302, Figure 2E), the activity of the lefty1
reporter construct significantly increased (Figure 2F) in a way
comparable to the derepression observed in the mutant lefty1
(Figure 2D). Importantly, we also detected an increase of endog-
enous Lefty protein in RUES2 cells transfected with LNA-302
(Figure S5). This clearly indicates that among other miRNAs
with the same seed sequence miR-302 plays a prominent role
in the regulation of Lefty in vivo. Conversely, no significant effect
was observed on the nodal reporter (Figure 2F), suggesting that,
unlike the situation in zebrafish (Choi et al., 2007), miR-302 may
strongly bias the balance between agonists and antagonists of
the Nodal pathway in hESCs (Figure 2G).
Using an independent in vivo approach, we validated Xenopus
leftyA, leftyB,Xnr5, andXnr6bas true miR-427 targets. Luciferase
reporter constructs containing the 30UTR of these genes were in-
jected into two-cell-stage Xenopus embryos in combination with
an anti-miR-427-specific morpholino oligonucleotide (a-miR-
427-Mo) or a control morpholino oligonucleotide (Co-Mo) (Fig-
ure 3B). miR-427 is actively transcribed during the developmental
window between the blastula and early neurula stages in the
Xenopus embryo (Watanabe et al., 2005) (Figure 1E), and the
injection of a-miR-427-Mo clearly blocked the processing of
the miRNA dose dependently at these embryonic stages, as indi-
cated by the reduction of both mature and pre-miRNA levels in
injected embryos (Figure 3B). Using this approach, we observed520 Developmental Cell 16, 517–527, April 21, 2009 ª2009 Elsevier Inc.
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miRNA Regulation of Mesendoderm SpecificationFigure 4. miR-427 Loss of Function Affects Mesodermal Patterning
and Organizer Induction in Vivo
(A) Ventralization of mesodermal explants by miR-427 depletion. Xenopus
eight-cell-stage embryos were injected into both dorsal (DMZ) or ventral
(VMZ) marginal blastomeres with 10 ng a-miR-427-Mo. Uninjected and
Mo-injected DMZ and VMZ explants were dissected at stage 10 and assayed
for expression of the indicated markers by RT-PCR analysis.
(B) Whole-mount in situ hybridization for the organizer markers, chordin and
goosecoid (purple staining). Embryos injected dorsally with LacZRNA together
with either a-miR-427-Mo or leftymRNA or left untreated were stained at stage
10. Light-blue staining represents expression of the lineage tracer LacZ in the
injected side of the embryo.
(C) Decreased Nodal activity in miR-427-depleted embryos. Different doses of
Xnr1 RNA, as indicated, were injected alone or together with a-miR-427-Mo
(10 ng) into the animal pole of two-cell-stage embryos. Animal caps were
examined at the gastrula stage (stage 11) for the expression of Xnr target
genes by RT-PCR. Chd, chordin; gsc, goosecoid; ODC, ornithine decarboxy-
lase; xbra, brachyury.increased luciferase activity in miR-427-depleted embryos, sug-
gesting a repressive effect of the miRNA on both lefties and Xnrs
30UTRs (Figure 3C). Remarkably, nodal and the two lefties show
concomitant expression with miR-302 in hESCs or miR-427 in
Xenopus embryos (Figure S3) (Besser, 2004; Suarez-Farinas
et al., 2005), suggesting in vivo relevance of the targets.
Taken together, these results indicate that the inhibitory
ligands, lefties, are bona fide and evolutionarily conserved
targets of the miR-430/427/302 family across vertebrates fromDeveteleosts to mammals. On the other side, the diversification of
the activator ligands and the loss of miRNA regulatory
sequences in the human nodal result in different situations in
the three species (Figures 2G and 3D). This crucial difference
prompted us to evaluate potential species-specific outcomes
in the biological function of the different members of this miRNA
family during embryonic development.
Xenopus miR-427 Is Necessary for Proper Endoderm,
Mesoderm, and Organizer Formation
Interference with the Nodal signaling pathway hinders mesendo-
derm development, affecting the organizer formation in the
embryo, and can lead to anterior truncation of frog tadpoles
(Agius et al., 2000; Osada and Wright, 1999). In order to directly
address the role of miR-427 during early embryonic develop-
ment and its impact on Nodal signaling, we carried out loss-of-
function studies in Xenopus laevis by using the a-miR-427-Mo
(Figure 3B). We took advantage of the fact that miR-427 is the
only miR-430-related Xenopus miRNA (Tang and Maxwell,
2008; Watanabe et al., 2005), as opposed to more than 70
different miR-430 in zebrafish (collectively referred to as dre-
miR-430) (The microRNAs registry; Griffiths-Jones, 2004), to
carry out the first specific loss-of-function analysis of this family
of miRNAs in vertebrates. Both embryonic explants, including
marginal zone and animal cap explants, as well as phenotypic
analysis were used. Depletion of miR-427 negatively regulated
general mesoderm induction, reducing the level of expression
of brachyury in both ventral and dorsal mesodermal explants
(Figure 4A; Figure S6). In addition, the injection of a-miR-427-
Mo into the dorsal marginal zone explants (DMZ), which is fated
to become dorsal mesoderm, led to reduction of the organizer-
specific markers chordin and goosecoid, and induction of the
ventral mesodermal markers Wnt8 and Xhox3 (Figure 4A;
Figure S6). On the contrary, ectodermal markers, such as epithe-
lial keratin and xAG, were unchanged (Figure S6). Phenotypic
analysis of a-miR-427-Mo-injected embryos confirmed the
necessity of this miRNA family for the proper formation of the
organizer (Figure 4B), as the organizer markers chordin and
goosecoid were drastically reduced. Importantly, miR-427
knockdown phenocopies the effects of lefty overexpression
(Branford and Yost, 2002; Cha et al., 2006) (Figure 4B) or Nodal
signaling inhibition (Eimon and Harland, 2002; Osada and
Wright, 1999) in the organizer territory of the Xenopus embryo.
These results suggest that the overall outcome of miR-427
depletion in both marginal explants and in vivo is a strong reduc-
tion of the Nodal signaling activity. The same conclusion was
drawn by challenging Nodal mesoderm and endoderm induction
in animal cap explants that were injected with a-miR-427-Mo in
combination with varying doses of Xnr1. Figure 4C shows that
reduction of the miR-427 level strongly inhibited the expression
of Xnr1-responsive genes in a dose-response manner, resulting
in the suppression of organizer-specific genes, such as chordin
and goosecoid, and in reduction of the ventrolateral mesodermal
marker Wnt8 and the endodermal marker mixer. These effects
are likely due to the derepression of lefty, which is one of the
genes induced by Xnr-1 in animal caps (Figure S3).
Taken together, these experiments indicate that miR-427 is
needed for correct mesendoderm differentiation, and that its
overall function is to sustain Nodal signaling.lopmental Cell 16, 517–527, April 21, 2009 ª2009 Elsevier Inc. 521
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Rescues the Effects of miR-427 Depletion
In Vivo
(A) Late phenotypic effects of miR-427 depletion.
Note the anterior defects, a shorter trunk, and ven-
tralization in embryos injected with a-miR-427-Mo
into both dorsal marginal blastomeres at the eight-
cell stage (92%, n = 51). Coinjection of hmiR-302
RNA rescues the phenotypic effects of a-miR-
427-Mo, whereas Lefty-TPmiR-427 (40 ng) injection
mimics miR-427 depletion. See Table S1 for statis-
tics.
(B) Schematic representation of the hmiR-302
cluster construct and northern blot analysis
showing production of mature miR-302 in injected
embryos (lane hmiR-302). RNA from RUES2
human embryonic stem cells was used as a posi-
tive control.
(C) Coinjection of hmiR-302 RNA abolishes the
derepression of Xenopus LeftyA reporter activity
due to a-miR-427-Mo, in a dose-response
manner.
(D) Alignment of miR-427 and the Lefty-TPmiR-427
on the Xenopus leftyA/B 30UTR.
(E) Lefty-TPmiR-427 derepresses both leftyA and
leftyB, but not Xnr5, reporter translation. In the
histograms, the values represent the means ±
SEM from three independent experiments.Xenopus a-miR-427-Mo Embryonic Defects
Are Rescued by Human miR-302 and Mimicked
by lefty Target Protectors
The analysis of the phenotypic effects of miR-427 depletion at
postgastrulation stages further supports a general reduction of
Nodal signaling in the organizer territory and its derivatives,
such as the prechordal plate mesoderm, which plays key roles
in patterning the anterior neural plate (Harland and Gerhart,
1997; Niehrs, 2004). Accordingly, depletion of miR-427 in the
future organizer territory led to anterior defects, including
reduction or absence of the cement gland and the eyes,
together with strong microcephaly, in tadpoles. The injected
embryos also displayed a shorter dorsal axis and were ventral-
ized (Figure 5A; Table S1). Interestingly, injection of a-miR-427-
Mo in the ventral side did not perturb the overall development
of the embryo (Figure 4 and data not shown), suggesting that
a-miR-427-Mo only inhibits the high-end threshold of Nodal
signaling.
To provide control for specificity, we performed rescue exper-
iments. Since a-miR-427-Mo was designed to interfere with the
processing of the miRNA precursor in a sequence-specific
manner, we injected human miR-302 as a RNA precursor (Fig-
ure 5B) along with the miR-427-Mo to assess whether this was
able to specifically rescue the effects of miR-427 depletion in
Xenopus embryos. Figure 5A and Table S1 show that human
miR-302 rescued the phenotype with high penetrance. In addi-
tion, human miR-302 abolished the derepression of a lefty522 Developmental Cell 16, 517–527, April 21, 2009 ª2009 Elsevier Ireporter in a dose-response manner (Figure 5C). The rescue
provides the most stringent test of specificity for our knockdown
experiment.
Finally, to directly determine if the phenotypic consequences
of miR-427 loss of function are due to lefty derepression, we
used a target protector morpholino (Choi et al., 2007) to specif-
ically disrupt miR-427 regulation on the lefty 30UTR. The lefty
target protector (Lefty-TPmiR-427) was designed to protect both
the leftyA and leftyB 30UTR (Figure 5D). Luciferase reporter
assays confirmed that Lefty-TPmiR-427 is able to specifically
derepress both lefties, but not Xnr5 (Figure 5E). Interestingly,
the phenotype observed upon Lefty-TPmiR-427 injection into the
dorsal territory of the embryo resembles miR-427 knockdown
effects, showing a shorter axis, ventralization, and reduction of
anterior structures (Figure 5A; Figure S7; and Table S1). This
result clearly suggests that lefty plays a prominent role among
the miR-427 target genes during Xenopus development and
supports our previous observation that miR-427 in Xenopus
acts by sustaining high Nodal signaling.
Strikingly, the phenotype obtained in Xenopus by blocking
only one miRNA among hundreds is much more severe than
the one observed in the MZdicer mutant fish, which, in the
absence of all miRNAs, display only mild morphogenetic defects
without major defects in axis formation (Giraldez et al., 2005).
This observation suggests a more stringent requirement for
miRNAs during vertebrate evolution and prompted us to directly
address the role of miR-302 in hESC differentiation.nc.
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miRNA Regulation of Mesendoderm SpecificationFigure 6. miR-302 Loss of Function in Human ES Cells
(A–C) Real-time qPCR analysis of the expression of the indicated markers
in RUES2 cells transfected with either control (LNA-C, black bars) or anti-
miR-302 (LNA-302, white bars) LNA oligonucleotides and differentiated for
10 days in monolayer culture. All of the values were normalized to the reference
gene ATP5O and calculated by using the software REST (Pfaffl et al., 2002).
Data were determined in triplicate.mir-302 Controls Mesoderm and Endoderm
Specification in hESCs
We have shown above (Figure 1) that miR-302 is expressed
during stemness and progressively declines during differentia-
tion. This suggests a potential role for this miRNA in the early
fate decisions that lead to the specification of primary germ
layers. To functionally address the role of miR-302 in hESC cells,
we initially performed loss-of-function experiments with anti-
sense LNA oligonucleotides (Figure 2E; Figure S8). After induction
of differentiation, RUES2 cells were transfected with LNA-302
and assayed for the expression of pluripotency and differentiation
markers. As shown in Figure 6A and Figure S9, miR-302 depletion
led to a strong decrease in levels of expression of both meso-
dermal-specific markers, such as Brachyury and FoxF1, as well
as endodermal markers, such as Mixl1 and Sox17a (definitive
endoderm) (Kubo et al., 2004; Tam and Loebel, 2007). Interest-
ingly, early neuroectodermal markers showed an opposite
response to miR-302 knockdown, being induced or mostly unaf-
fected, as in the case of Pax6 and Sox1, respectively (Figure 6B;
Figure S9). Finally, the expression of the pluripotency markers
Oct4 and Nanog (James et al., 2005) was unchanged (Figure 6C).
Taken together, these results indicate that miR-302 is required
for proper mesoderm and endoderm differentiation in humans.
Subsequently, we performed gain-of-function experiments in
which high levels of miR-302 expression were maintained in
differentiating hESCs, in the window of time when its expression
normally drops. RUES2 cells were stably transfected with
a humanized transposable element (A. Lacoste and A.H.B.,
unpublished data) carrying the human miR-302 cluster under
the control of the strong and ubiquitous phosphoglycerate kinase
(PGK) promoter (Figure 7A). After withdrawal of conditioned
medium, the levels of miR-302 expression were much higher in
the stable RUES2-302 line than in control nontransfected
RUES2 cells at the same time points and under the same culture
conditions (Figure 7B; Figure S8). Importantly, the excess of miR-
302 in these cells leads to reduction of endogenous Lefty protein
(Figure 7C). To assess whether sustained miR-302 expression
influences the differentiation potentials of hESCs, RUES2 and
RUES2-302 cells were induced to differentiate, and markers of
pluripotency and representatives of the three germ layers wereDeveanalyzed. As shown in Figure 7D and Figure S10, miR-302 specif-
ically induced expression of both mesodermal, Brachyury and
FoxF1, as well as endodermal, Mixl1 and Sox17a, markers.
Conversely, spontaneous differentiation toward neuroectoderm
was impaired, as judged by the strong reduction of Pax6, Sox1,
and NeuroD1 expression (Figure 7E; Figure S10). These recip-
rocal effects on neuroectoderm and mesendoderm specifica-
tion were also assessed by immunostaining. As shown in
Figures 7G–7L and Figure S10, we observed a decrease in the
number of neuroectodermal NFH-positive cells and an increase
in the number of endodermal Sox17a-positive cells in RUES2-
302 EBs. These observations mirror the results of the miR-302
loss-of-function experiment during differentiation. In addition,
in RUES2-302 differentiating cells, we observed maintenance
of the pluripotency markers Oct4 and Nanog (Figure 7F).
Finally, to directly assess if the effects observed upon miR-302
overexpression were due to a decrease of Lefty, we differenti-
ated the EBs in the presence of recombinant Lefty protein
(recLefty). As miR-302 can only target Lefty at the mRNA level,
we reasoned that the exogenous recLefty ligand should revert
the effects of the miRNA repression on the endogenous lefty
genes by compensating for the decrease in their translation. As
expected, we found that recLefty lowered the levels of mesendo-
dermal genes in a dose-dependent manner, while inducing
neuroectodermal genes (Figures 7M and 7N).
Interestingly, modulation of Nodal activity in the mouse
embryo as well as hESCs has been shown to reciprocally affect
mesendoderm and neuroectoderm lineages (Camus et al., 2006;
Smith et al., 2008). Also, increased Nodal activity at a given
threshold has been shown to sustain pluripotency marker
expression, such as Oct4, in differentiating hESCs (James
et al., 2005; Vallier et al., 2004).
Taken together, the biological function of miR-302 in human is
consistent with its targeting of the two Lefty ligands, but not
Nodal. As a consequence, miR-302 raises Nodal activity by
reducing the activity of its inhibitors and increasing the high-
threshold effect of Nodal.
DISCUSSION
Over the past few years, important progress has been made
toward the understanding of miRNA-mediated control of gene
expression, highlighting the relevance of this new regulatory
mechanism in many organisms (Bushati and Cohen, 2007).
miRNAs have also emerged as important regulators of embry-
onic development; however, an embryonic function has been
assigned only to a few vertebrate miRNAs (Stefani and Slack,
2008), and only one example of miRNAs regulating ESC differen-
tiation is known (Ivey et al., 2008).
Here, we investigated the embryonic function of the miR-430/
427/302 family, which is evolutionarily conserved and specifi-
cally expressed during early vertebrate development. This study
provides novel, to our knowledge, insights into the function and
mechanism of action of this miRNA family in hESCs and Xenopus
embryos and highlights its crucial activity in the mesendodermal
lineage specification in vivo. Importantly, despite the evolution-
arily conservation of the miR-302/427/430 family, species-
specific target selection and availability have changed embryo-
logical activity in different species. In the fish, both loss of alllopmental Cell 16, 517–527, April 21, 2009 ª2009 Elsevier Inc. 523
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in the Nodal pathway, such as reduction of endodermal cells,
whereas mesoderm and body axis are unaffected (Choi et al.,
2007; Giraldez et al., 2005). In the frog, miR-427 is necessary
for proper endoderm and mesoderm differentiation, organizer
formation, and body axis specification. In humans, miR-302
supports proper endoderm and mesoderm differentiation and
can sustain pluripotency markers.
Species-specific target selection might also provide an expla-
nation for the major differences of phenotype seen between fish
Figure 7. miR-302 Overexpression in
Human ES Cells
(A) Schematic representation of the construct
used for stable miR-302 expression in human
ESCs. PGK, phosphoglycerate kinase promoter;
pA, polyadenylation signal; EGFP, Enhanced
Green Fluorescent Protein coding sequence;
HygR, Hygromycin-resistance gene.
(B) Northern blot analysis showing sustained
expression of miR-302 in the transgenic line
RUES2-302 during differentiation. The house-
keeping gene U2 was used as loading control.
CM, MEF-conditioned medium; 2D, differentiation
in two-dimensional culture for 14 days; EBs,
embryoid bodies cultured for 15 days.
(C) Western blot analysis of Lefty protein levels in
RUES2 and RUES2-302 cells.
(D–F) Real-time qPCR analysis of the expression
of the indicated markers in control RUES2 (blue
bars) and RUES2-302 (red bars) cells differenti-
ated in EBs for 11 days.
(G–L) Immunostainings for the neuroectodermal
marker NFH and the endodermal marker Sox17a
in EBs derived from (G–I) RUES2 and (H–L)
RUES2-302. (G00) and (H00) show magnifications
of the white boxes in (G) and (H), respectively.
Scale bars represent 200 mm.
(M and N) RUES2-302 cells were differentiated in
EBs for 11 days in the absence (red bars) or pre-
sence of recombinant Lefty protein in two different
doses (light-green bars, 50 ng/ml; dark-green
bars 100 ng/ml) in parallel with control RUES2
(blue bars). Histograms show the expression of
the indicated markers assessed by real-time
qPCR analysis.
and mouse Dicer mutants. The zebrafish
mutant for both maternal and zygotic
Dicer display mild and late morphoge-
netic phenotypes, whereas loss of Dicer
function in the mouse is embryonic lethal.
By modulating two of the agonistic Nodal
ligands in frogs, one in fish and none in
mammals, there is room for redundancy
of activity of Nodal-type ligands in teleost
and amphibian; however, this compensa-
tion cannot occur in mammals. Thus, loss
of miRNA function in mammals would
have much more dramatic consequences
than in other species.
A single miRNA can regulate hundreds
of genes, and our analysis does not
exclude the possibility that other pathways may be misregulated
in miR-427-depleted Xenopus embryos. However, the observed
mesodermal patterning defects clearly support a role for this
miRNA family in sustaining Nodal signaling in the organizer terri-
tory of the embryo. In the gastrulating frog embryo, lefty and
nodal are expressed in complementary adjacent domains at
the dorsal blastopore lip, and Lefty acts in a negative-feedback
loop to regulate the extent of Nodal signaling (Branford and
Yost, 2002; Cha et al., 2006). Our findings propose that miR-
427, which is uniformly expressed at the same embryonic stage,524 Developmental Cell 16, 517–527, April 21, 2009 ª2009 Elsevier Inc.
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Nodal activity on the dorsal side of the embryo. Similarly, in the
mouse, lefty2 is coexpressed with nodal at high levels in the
primitive streak (Meno et al., 1999), raising the question of why
these mutual antagonists do not simply cancel each other out.
One explanation, that has been proposed but not directly
demonstrated, is that the antagonists, such as Lefty, would
diffuse more rapidly than the Nodal ligands (Chen and Schier,
2002; Meno et al., 1999; Sakuma et al., 2002). An alternative
explanation could be that miR-430/427/302 family-mediated
regulation allows sustained Nodal signaling in the mesendoderm
of the mouse embryo, in line with the effects in Xenopus and
hESC.
hESCs are the only system for modeling early human develop-
ment (Spagnoli and Hemmati-Brivanlou, 2006). By gain and loss
of function experiments, we show that miR-302 controls one of
the earliest differentiation events in hESCs, such as the specifi-
cation of the definitive germ layers. These effects in hESCs
resemble those observed in Xenopus and, also, clearly reflect
a conserved regulation of Lefty by the miR-430/427/302 family.
Indeed, the opposite effect that miR-302 elicits on mesendo-
derm and neuroectoderm specification in hESCs is consistent
with recent in vivo and in vitro analyses of the Nodal signaling.
Studies in the mouse embryo and hESCs have suggested
a role for Nodal in preventing pluripotent epiblast cells from
differentiating toward anterior neural fates in order to allow
mesendodermal specification (Camus et al., 2006; James
et al., 2005; Smith et al., 2008; Vallier et al., 2004). For instance,
sustained Nodal activity in hESCs inhibits neuroectodermal
specification and maintains pluripotency markers, whereas Lefty
overexpression has the exact opposite effect (James et al., 2005;
Smith et al., 2008; Vallier et al., 2004). Therefore, we propose that
the gradual decreases of miR-302 levels during early differentia-
tion stages of hESCs guarantee the transition toward mesendo-
dermal lineage by controlling Nodal activity.
EXPERIMENTAL PROCEDURES
Northern Blot
Total RNA (1 mg), isolated with RNA Bee (Tel-TEST, Inc.), was electrophoresed
in a 10% polyacrylamide TBE-Urea Gel (Bio-Rad) and transferred by electro-
blotting onto Hybond-N+ membrane (Amersham Biosciences). Hybridizations
and washes were performed as described (Fazi et al., 2005). Signals were
detected with a Typhoon 9400 Variable Imager (Amersham Biosciences).
Sequences for the probes are given as Supplemental Data.
In Situ Hybridization Analysis
Whole-mount in situ hybridizations were performed according to Harland
(1991). miRNA in situ hybridizations were carried out with DIG-labeled LNA
probes (Exiqon) at a temperature 20C below the melting temperature of the
probes.
Plasmid Construction
For the generation of luciferase reporter constructs, 30UTRs of predicted
miRNA targets were PCR amplified from human genomic DNA (Lefty1, Lefty2,
Nodal) or Xenopus laevis cDNA (LeftyA, LeftyB, Xnr5, and Xnr6b) and cloned
downstream of the Renilla luciferase coding sequence in the pRL-TK vector
(Promega). The entire human miR-302 cluster was cloned in the BamHI and
NotI sites of the pCS2++ vector for in vitro transcription.
To generate the 53m16-PETH-PGK302 transposon, a cassette containing
the PGK promoter driving the expression of the miR-302 cluster was sub-
cloned in the 53m16-PETH vector, derived from the piggyBac transposonDeve(Ding et al., 2005) (A. Lacoste and A.H.B., unpublished data). The resulting
construct encodes for both the miR-302 cluster and a bicistronic gene contain-
ing EGFP and hygromycin-resistance ORFs separated by a T2A self-cleavage
peptide (Szymczak et al., 2004).
Cell Culture and Luciferase Reporter Assay
HEK293T cells were purchased from ATCC and cultured in DMEM containing
10% FBS. Cells were transfected 24 hr after seeding by using Lipofectamine
2000 (Invitrogen). miR-302a and standard Negative Control #1 miRNA mimics
were purchased from Dharmacon and transfected at a 20 nM final concentra-
tion together with a combination of each pRL-TK reporter construct and pGL3-
Control in a ratio of 10:1.
Luciferase assays for target validation in RUES2 cells were performed
by transfecting LNA oligonucleotides (75 nM, see below) together with each
pRL-TK reporter construct and pGL3-Control. Cells were harvested after 24 hr.
In Xenopus embryos, a combination of each pRL-TK luciferase DNA
construct (50 pg/blastomere) and pGL3-Control DNA (5 pg/blastomere) was
injected into the animal pole of two-cell-stage embryo together with 5 ng of
the indicated morpholinos. Pools of four embryos were harvested at stage
10+ in 50 ml lysis buffer.
Luciferase activity was determined with the Dual Luciferase Assay System
(Promega) and normalized by the coexpressed Firefly Luciferase. All luciferase
assays were repeated at least three times and performed in triplicate each
time.
Xenopus Embryo Manipulations
Microinjections and dissections were performed as described by Spagnoli and
Brivanlou (2006). Briefly, for the animal cap assay, RNA was injected into the
animal pole of two-cell-stage embryos, and animal caps were explanted at
the blastula stage (stage 9). For the marginal zone assay, RNA was injected
into the dorsal (DMZ) or ventral (VMZ) marginal blastomeres of four-cell-stage
embryos, and explants were isolated at the early gastrula stage (stage 10). The
multiblocker anti-Xenopus miR-427 morpholino (50-ACGCCCAAAACAGAAAG
CACTTTCTCATCAT-30 ), the Lefty Target Protector morpholino (50-AGTGCTT
CTCTAAATGCTTCTATCA-30), and the standard Negative Control morpholino
were purchased from GeneTools LLC. The plasmids Xnr1/pCS2+ and LeftyA/
pCS2+ were linearized, and sense strand-capped mRNA was synthesized by
using the mMessage mMachine kit (Ambion).
Human Embryonic Stem Cell Culture and Transfection
Human embryonic stem cells RUES1 and RUES2 were cultured as previously
described (James et al., 2006) in plates coated with matrigel (BD Biosciences)
in mouse embryonic fibroblast (MEF)-conditioned HUESM medium (CM)
with 20 ng/ml bFGF (Invitrogen). For monolayer 2D differentiation, CM was
replaced with nonconditioned HUESM without FGF (nCM). Embryoid bodies
were generated as previously described (James et al., 2006). Where indicated,
cells were differentiated in the presence of recombinant mouse Lefty-1 (R&D
Systems).
For miR-302 knockdown experiments, cells were transfected with Lipofect-
amine 2000 (Invitrogen) by using a mixture of antisense LNA oligonucleotides
specific for the four human miR-302 miRNAs or with a standard control LNA
(Sense miR-159), at a final concentration of 75 nM. All LNA oligonucleotides
were purchased from Exiqon.
To generate the RUES2-302 line, RUES2 cells were first treated for 1 hr with
10 mM Y-27632 ROCK inhibitor to diminish dissociation-induced apoptosis
and increase cloning efficiency (Watanabe et al., 2007). Then, cells were disso-
ciated in 0.25% trypsin-EDTA and nucleofected in solution V by using program
setting B-016 (Siemen et al., 2005). Positively stable transfectants were
selected with hygromycin.
RT-PCR and Real-Time qRT-PCR Analysis
RT-PCR was performed as described (Spagnoli and Brivanlou, 2006). Twenty-
one PCR cycles were performed for ornithine decarboxylase and Brachyury
primers, and 25 cycles were performed for the other primers. For real-time
qRT-PCR analysis, RNA was treated with a DNA-free kit (Ambion) and retrotran-
scribed with the SuperScriptIII kit (Invitrogen). cDNA was then analyzed with the
LightCycler 480 SYBR Green I kit (Roche), and results were analyzed with the
REST-MCS2 software. Primer sequences are given as Supplemental Data.lopmental Cell 16, 517–527, April 21, 2009 ª2009 Elsevier Inc. 525
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After 9 days of differentiation in suspension, embryoid bodies were plated on
matrigel-coated glass-bottom culture dishes (MatTek Corporation), and after
6 days they were immunostained with primary a-NFH (SM132, Covance)
and a-Sox-17 (AF1924, R&D Systems) antibodies and secondary anti-mouse
Alexa 488 and anti-goat Alexa 647 antibodies (Molecular Probes). SytoxOr-
ange (Molecular Probes) was used for nuclear counterstain. Cells were imaged
by using a Zeiss LSM 510 confocal microscope.
For western blot, the primary goat anti-Lefty (R&D Systems) and anti-a/b
Tubulin (Cell Signaling) and the secondary HRP anti-goat IgG (R&D Systems)
and HRP anti-rabbit IgG (GE Healthcare) antibodies were used.
SUPPLEMENTAL DATA
Supplemental Data include ten figures and three tables and can be found with
this article online at http://www.cell.com/developmental-cell/supplemental/
S1534-5807(09)00081-1.
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